A simple analytical model for describing inner parts of dark matter halo is considered. It is assumed that dark matter density is power-law, and the angular momentum of a particle is proportional to its radial action. This model illustrates some important properties of dark matter halo. Firstly, the relation between velocity anisotropy and density slope is determined. Secondly, the process of adiabatic contraction of dark matter halo due to baryonic infall is considered. The modified density is compared to the result of standard baryonic compression algorithm, and it is shown that the latter overestimates density, especially for halos having more radially anisotropic velocity. The velocity anisotropy also increases in result of compression.
Introduction
The structure and evolution of dark matter halos is widely discussed in the recent years. A large number of papers has been devoted to the investigation of spatial density profiles of dark matter halos, ρ(r). both numerical [1, 2] and analytical [3] . But a complete description of halo structure can be made only in terms of phase space distribution, f (r, v). Recently several papers appeared that described general properties of solutions of Jeans equation [4, 5] . The Jeans equation for a sperically symmetric self-gravitating system reads as follows:
Here σ r and σ t are the radial and tangential velocity dispersion, β = 1 − σt 2 2 σr 2 is the Binney's anisotropy parameter (systems with 0 < β < 1 are radially anisotropic, with β < 0 -tangentially anisotropic, and β = 0 is the isotropic case).
An additional assumption is the following empirical property of dark matter halos: the generalized phasespace-like density of dark matter particles in a halo is a power-law in radius:
which is established both in N-body calculations [6] and some analytical models [5] . For a closed set of equations one also needs to specify β, and here two different approaches were adopted: Austin et al. [5] assumed isotropy (β = 0), and Dehnen & McLaughlin [4] used a relationship between β and the logarithmic slope of density profile γ = d ln ρ(r)/dr:
This kind of relation has been proposed in [7] based on empirical analysis of different numerically treated situations. These investigations demonstrated that under these assumptions there exist only few possibilities for a selfconsistent halo model. The most realistic is the family of models with density profiles having inner and outer power-law asymptotes (so-called Zhao αβγ models [8] ).
However, this approach, being very fruitful, does not describe explicitly the distribution function. It operates only with its second moment with respect to velocity, i.e. velocity dispersion. One attempt to deal with full velocity distribution function (VDF) was made in [9] , where an Eddington inversion formula was applied to obtain VDF for power-law density profiles. However, this study was limited to isotropic case.
To consider the process of adiabatic compression of dark matter halo due to baryonic infall, it is more convenient to rewrite the distribution function in terms of adiabatic invariants. For this purpose, one should know the entire distribution function, not only the second moment. Certainly it requires much deeper knowledge of processes that govern the growth of dark matter halos. Nevertheless, a qualitative picture can be obtained by considering rather simple toy models. One of such models is presented in this paper.
The paper is organized as follows. Firstly, we describe the model of halo structure and provide some physical arguments for it. Then we depict some interesting properties of this model, including velocity anisotropy. Furthermore, we investigate the responce of model halo to the adiabatic contraction and compare it with other studies. Finally, the conclusions will be presented.
2 The phase-space structure of model halo
Dark matter halos are extended complex objects which formed in different physical processes (growth of initial perturbations, collapse, hierarchical merging, and later baryonic contraction). For a number of reasons, we are intererested in central area of a halo, which presumably is less influenced by merging and more -by baryons. Most of existing dark halo models assume power-law behaviour of density profile in the centre of a halo. We shall adopt this assumption, having in mind that our analysis applies only to the inner area of a halo. Together with the assumption (2) this gives us a particulary simple scale-free model. And the most specific assumption is made concerning the distribution function. Namely, we assume that the angular momentum m of a particle is linked with its energy E (or, for convenience, with radial action I r defined as I r = r+ r− dr/v r (r)):
A possible physical explanation for this relation is given in [10] . Roughly speaking, it is assumed that the primordial density peak, which later collapsed to give the seed gravitationally bound halo, can be represented as triaxial ellipsoid. Then the phase-space mixing will form a spherically symmetric structure, in which each particle has a certain angular momentum which depends on its initial distance from the center of the peak, and hence on its radial action. The quantity l 0 is effectively a measure of anisotropy: with l 0 = 0 we would have purely radial orbits. (Note that we do not consider possible change of distribution function due to subsequent dark halo evolution and merging, which we think is not so crucial for the central area of a halo). We first write the full 6-dimensional distribution function (DF) of particles in a halo in terms of action-angle variables: m, m z (the projection of angular momentum on z axis), and I r . Since we assume the halo to be spherically symmetric, m z does not enter into the formulas, and m is related with I r via (4). The DF does not depend on angle variables because of phase mixing. Then the only possible scale-free form of the DF is the following:
This corresponds to the following density profile of halo:
where K is related to f 0 with a rather complex expression. Given this scale-free behaviour, equation (2) essentially holds, with α = (1 − γ 2 )ǫ. With γ < 2 and ǫ > 2, the slope α is slightly greater than 2. This is similar to the ESIM model discussed in [5] , which indeed has approximately power-law density profile at small radii.
Velocity anisotropy
The first interesting property of our model is that it relates the velocity anisotropy β with the density slope γ using the additional parameter l 0 (see Fig.1 ). The relation can be roughly expressed as
The upper bound on β, obtained also in [11] , is β < γ−1.
Response to adiabatic contraction
It is well-known that central parts of galaxies are dominated by baryonic matter. The response of dark matter halo to the baryonic infall usually is calculated using the adiabatic approximation. The algorithm of Blumenthal et al. [12] is usually used for computing halo compression. It assumes the conservation of dark matter particle's angular momentum and is strictly applicable only to particles on circular orbits. In this method, the final radius of a dark matter particle is linked to its initial radius with the relation
where M f in,DM +M f in,bar is the total mass of dark matter and baryons after contraction, and M in,DM is the initial dark matter mass. In general case of non-circular orbits, the radial action is also conserved, being an adiabatic invariant. However, usually this does not help much, as the radial action is not known in general case. In this case, one may substitute r max , the orbit apocenter, for r i and r f in (8) . An improved method proposed in [13] involves the combination M (r) r, wherer is orbit-averaged radius of a particle. This yields less compressed halos, in better agreement with numerical simulations. Alternatively, an iterative method can be used for computing density profile and radial action in baryon-induced potential [14] .
In our simple model we are able to explicitly consider the adiabatic contraction since we have our distribution function already written in action variables, and therefore it does not change upon compression. All we need is to calculate radial action in new potential and recompute density profile. For simplicity, we choose baryonic density profile to be also power-law: ρ b (r) = B r −Γ , with index Γ ≤ 2 (close to isothermal profile). This again applies only to central area of a galaxy, the bulge.
It is quite obvious that the modified dark matter density profile is also power-law: power-law index γ ′ is expressed as follows:
The power-law index is essentially the same as in Blumenthal's method, but the normalization coefficient is different. We introduce the quantity η = K ′ /K ′ std , the ratio of our model's normalization to that of standard method, and plot it in Fig.2 . It appears that η < 1, in agreement with the results of [13] and [14] , where it was found that halos with radial motion are compressed less than predicted by Blumenthal et al. algorithm.
For quantitative calculations we take Milky Way bulge and dark halo as an example. The bulge profile and normalization are taken from [15] and are the following:
The dark matter halo is normalized to have density 0.3 GeV/cm 2 at r=8.5 kpc [16] . (Note that it yields different initial mass of dark matter inside 1 kpc, ranging from 4·10 8 M ⊙ for γ = 1 to 3 · 10 9 M ⊙ for γ = 1.8. The baryonic mass within 1 kpc is 6 · 10 9 M ⊙ ). We calculate the ratio of new to old dark matter mass within radius 1 kpc and plot it in Fig.3 . Again we see that with decreasing l 0 (more radial orbits), the actual compression ratio becomes smaller. The compression ratio is greater for halos with lower power-law index of initial density cusp.
And finally, we calculate the velocity anisotropy parameter β ′ for modified halo (see Fig.4 ). It appears to be generally greater than for corresponding uncompressed halo, meaning that velocity becomes even more radially biased. It can be easily understood as the slope of density profile also increases (9) , if the original slope is less than baryonic slope. At the same time, the relation between β ′ and γ ′ becomes more flat (the same effect can be seen from Fig.2 of [7] when comparing pure cosmological simulations and dark matter with cooling baryons simulations).
Having in mind that setting Γ = γ = γ ′ effectively does not change profile, we approximate velocity anisotropy parameter as
Conclusion
We have considered a simple analytical model for central part of dark matter halo. It assumes that angular momentum and radial action of a particle are proportional, and that the distribution function is power-law.
The simplicity of the model allows us to calculate some interesting properties of the halo, namely: the velocity anisotropy and response to adiabatic contraction due to baryonic infall. These calculations help to get qualitative insight into halo properties. The more radially biased is the velocity, the less compressed is the halo. Standard model of adiabatic contraction systematically overestimates the effect of contraction. The velocity anisotropy also increases in result of contraction. The model predicts a moderate enhancement (1.5 ÷ 4) of dark matter mass in the bulge. It is important for calculation of possible annihilation radiation flux from the center of the Galaxy [16, 17] . I am grateful to Maxim Zelnikov for helpful discussion and comments on the paper, and thank Steen Hansen for pointing out some interesting issues. This work was supported by Landau Foundation (Forschungszentrum Jülich) and Russian Fund for Basic Research (project nos. 01-02-17829, 03-02-06745).
